In the "non-decoupling" region of the Higgs sector in MSSM, the heavier CP-even Higgs boson (H 0 ) is Standard-Model-like and close to the charged Higgs bosons (H ± ) in mass, while other neutral Higgs bosons (h 0 , A 0 ) are lighter and near the Z mass. This scenario is consistent with the current Higgs search limits, although the improved sensitivity for a light charged Higgs boson search t → H + b may result in certain degree of tension. We demonstrate that it can pass the stringent flavor constraints, provided there are other light SUSY particles to contribute in the loop induced processes. In turn, the non-decoupling Higgs sector implies the existence of light (left-handed) stop, sbottom and Wino-like gauginos, with mass all below 250
I. INTRODUCTION
The milestone discovery of the Higgs boson in the LHC experiments [1] has not only established the Standard Model (SM) as the correct effective theory to describe Nature up to the weak scale, but also opened a window to new physics associated with the Higgs sector.
One of the best motivated theories beyond the SM is the weak scale supersymmetry (SUSY). In the framework of the Minimal Supersymmetric Standard Model (MSSM), the Higgs sector [2, 3] has been extensively studied in the light of the recent Higgs discovery [4, 5] . It was elaborated [5] that, for a Higgs boson of a mass m h ≈ 126 GeV, requiring the SM-like cross sections for gg → h → γγ, W W , the MSSM Higgs parameters split into two distinct regions: (a) m A 130 GeV: the "non-decoupling" region [6] . In this region, the light CP-even Higgs h 0 and the CP-odd state A 0 are nearly mass degenerate and close to m Z , while the heavy CP-even state H 0 is close to 126 GeV and the charged state H ± is slightly heavier.
(b) m A > ∼ 400 GeV: the "decoupling" region [6] . In this region, the light CP-even Higgs h 0 has a mass around 126 GeV, while all the other Higgs bosons are nearly degenerate with m A [7] .
The non-decoupling scenario could be of immediate relevance for the LHC phenomenology: If the non-SM Higgs bosons are all light, they may be accessible at the LHC even with the existing data [8] . In particular, the processes of Higgs pair production,
are via pure electroweak gauge interactions and are independent of the MSSM parameters except for their masses, in contrast to the gluon fusion and vector boson associated production processes.
Additionally, there may be sizable contributions from the processes
in the low-mass non-decoupling region which, on the other hand, do depend on the MSSM parameters and, thus, may be used to study the model. We also note that the latest results from ATLAS charged Higgs searches in the τ + jets channel [9] have reached strong constraints on the branching fraction of t → bH ± , which already resulted in certain degree of tension to this scenario.
However, it is well known that the b-quark rare decays via the flavor-changing neutral currents (FCNC) put very stringent constraints on the light Higgs and SUSY states [10, 11] . It is thus not obvious if the non-decoupling region with light Higgs bosons would still be viable with respect to the stringent constraints from the flavor sector. Because of the theoretical and observational importance, we set to explore this question in detail in the current work. We not only scan over a broad range of SUSY parameter space, but also explore the detailed structure seeking for subtle cancellations. Although the data from B rare decays put significant bounds on the Higgs and gaugino sector, we find that this scenario can pass the stringent flavor constraints, provided there are other light SUSY particles to contribute in the loop induced processes. The subtle cancellation among the contributing diagrams implies the existence of a light (left-handed) stop with a mass typically in the range of 100 GeV−190 GeV, a light (left-handed) sbottom of 160 GeV−250 GeV, and light Wino-like gauginos of 100 GeV−250 GeV. In addition, a Bino-like LSP is strongly favored due to the dark matter consideration in the MSSM [12] . Taking into account the current stop and sbottom direct search limits from colliders, we find that there are two practical scenarios still viable to give consistent solutions:
, and Case B :
Our findings are of both academic and practical significance: On the one hand, the solutions obtained rely on cancellations that could be easily missed by generic scanning [5, 13] . The lesson for us is not to draw conclusions from simple generic features, since Nature might well be more subtle than naively expected. On the other hand, the solutions can be viewed as a sharp prediction.
While the dominant stop decay ist 1 → bW Collider (ILC), on the other hand, would be able to cover the full spectrum region, once it crosses over the mass threshold of the SUSY partners.
The rest of the paper is organized as follows. In Sec. II, we summarize the SUSY contribution to rate B decays, in particular, to b → sγ. In Sec. III, we recall the Higgs sector of the MSSM in the non-decoupling region and present the parameter choices for our scan. we also present our results with the scanning subject to the stringent flavor constraints. We discuss the consequences of the scan results for the LHC searches of stop, sbottom and neutralinos/charginos and also comment on the potential benefits for their studies at the ILC in Sec. IV. We summarize our results in Sec. V.
We collect the formulae of loop functions for flavor observables in the Appendix.
II. NON-DECOUPLING MSSM HIGGS SECTOR CONFRONTING B RARE DECAYS
The non-decoupling MSSM Higgs scenario has been mapped out in some recent studies [5, [14] [15] [16] [17] . This scenario necessarily has a light charged Higgs. However, its contributions to flavor changing neutral current processes [18] , such as b → sγ, are too large to be consistent with the measurements. Additional contributions can also arise in MSSM, mediated by loops containing super-partners. It is possible that such SUSY contributions [19] can partially cancel the dangerous charged Higgs contribution, rendering this scenario phenomenologically viable. Short of a symmetry, such a cancellation is indeed finely tuned. Nevertheless, given the central roles of supersymmetry and electroweak symmetry breaking in our speculations on new physics beyond the Standard Model, and the lack of knowledge of flavor physics in SUSY theories, it is important to leave no stone unturned in covering the SUSY parameter space.
In general, there are many possible new contributions to FCNC in supersymmetry. For example, squark mass matrices can have off-diagonal entries. In this case, gluino-squark diagrams with such flavor violating couplings give some of the largest new contributions to FCNC. As a result, many of the off-diagonal entries in the squark mass matrices are strongly constrained. This is a well known example of the SUSY flavor problem. While interesting and acceptable effects from such couplings are still possible, it needs to be addressed in a comprehensive framework. In this work, we follow an alternative approach which does not rely on new flavor violation from SUSY breaking, assuming they have been forbidden or strongly suppressed. In this case, supersymmetric charged-current couplings still give new contributions to FCNC processes. We note that this is the simplest realization of the Minimal Flavor Violation scenario [20] . In this case, satisfying constraints from B rare decay measurements requires the stop and sbottom to be light. Hence, this scenario necessarily predicts improved naturalness of the electroweak symmetry breaking. We now provide a qualitative discussion of the necessary cancellation.
The ∆F = 1 effective Hamiltonian relevant for the b → sγ transition is [21] 
where the magnetic and chromomagnetic operators are
The Standard Model contribution to b → sγ is dominated by the W -top loop [21] . In our scenario, the most model-independent new contribution comes from the H ± -top loop [18] . Their
contributions to C 7 and C 8 are
where the loop functions f 7,8 are given in Eq. (A1) in the Appendix. It is positive and the same as the SM contribution. The charged Higgs contribution is proportional to the top Yukawa coupling y 2 t , independent of tan β at the leading order. For the parameter region in the non-decoupling scenario, this contribution leads to a BR(b → sγ) about factor of two larger than the experimental observations for m H ± around 100 GeV. Therefore, taking into account a 10% accuracy of the current measurements, about 5% fine-tuning is needed from other SUSY contributions to b → sγ in order to cancel the large positive contribution from the charged Higgs sector.
While the charged Higgs loops always contribute constructively to the SM, the SUSY chargino loops could contribute with either sign, depending on the SUSY parameters. As usual, it is more intuitive to discuss the parameter-dependence by studying the SUSY loop contributions in the gauge eigenstate basis ofH In order to cancel the charged Higgs contribution, we expect at least some of the super-partners would have to be very light, with masses similar to that of the charged Higgs. 1 The two largest contributions come from diagrams Fig can be comparable in size to the charged Higgs contribution. At the same time, it is still somewhat smaller than the contribution in Fig. 1 (a), due to the heavy right-handed stop in the loop. 2 It is positive for µA t > 0 and flips sign for µA t < 0. There is another term in the stop left-right mixing, which gives a contribution proportional to |µ| 2 that is not tan β enhanced. Such term is only important for µ/ tan β > A t , which is not realized in the parameter region that we are considering. For example, as we discussed later, tan β is strongly constrained by collider searches and cannot be very large, and it does not negate the requirement of very light super-partners. 2 Note that Mt R has to be heavy in order to accommodate the sizable SM-like Higgs mass while keeping MQ 
Given the viable range of large µ and Mt R , contribution from Fig 
where the loop functions g We reiterate that the non-decoupling region favors µA t > 0. This is because a large positive radiative correction to the bottom Yukawa, ∆m b , is needed to suppress H 0 → bb so as to enhance
. Since we choose M 2 , µ > 0, which is favored from the muon g − 2 consideration, A t has to be positive. Fig. 1(b) is the only diagram that depends on A t , which gives a positive contribution to b → sγ for µA t > 0. The contribution from Fig. 1(a) , however, is large and negative when lowering M 2 as well as MQ
3
. Therefore, the large positive contributions from both the charged Higgs and Fig. 1(b) can be cancelled by contributions from Fig. 1(a) , with about 5% fine-tuning.
B s → µ + µ − does not impose additional very stringent constraint on our scenario. It is not nearly as precisely measured as the b → sγ. It is well known that MSSM Higgs amplitude can be proportional to tan 3 β [11] , and hence very important at large tan β, which are disfavored for the non-decoupling scenarios. In fact, the limits on tan β from direct collider searches seems to be always stronger than the one from B s → µ + µ − [22] .
We see that satisfying the flavor constraints in the non-decoupling scenario naturally leads to the presence of light third generation squarks, in particular,t L andb L . Given the close connection of the third generation squarks to the Higgs sector, there have been extensive collider studies on the direct collider searches for the stops and sbottoms at the Tevatron and the LHC. We will discuss the implications of collider searches on our scenario in Section IV.
III. SUSY PARAMETER REGION AND EXPERIMENTAL BOUNDS
To explore the parameter space which is consistent with the current observation including the flavor constraints, we follow the procedure as in Ref. [5] , and perform a comprehensive scan over the MSSM parameter space 3 < tan β < 55, 50 GeV < m A < 500 GeV, 100 GeV < µ < 1000 GeV,
To study the non-decoupling region, we focus on the reduced low m A range with positive A t :
95 GeV < m A < 130 GeV, 0 < A t < 4000 GeV.
The SU(2) L gaugino mass parameter has significant impact on the flavor sector in the nondecoupling region and we scan it over a low-value range 100 GeV < M 2 < 300 GeV.
Other SUSY soft masses, which are less relevant to our consideration, are all fixed to be 3 TeV.
A. Constraints from the Higgs signal and exotic Higgs searches
We perform our scan by using the FeynHiggs 2.9.4 package [23] [24] [25] [26] to calculate the mass spectrum, couplings and other SUSY parameters. We use HiggsBound 3.8.1 [27] to check the exclusion constraints from LEP2 [28] , the Tevatron [29] and the LHC [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . The latest LHC
Higgs search results [9, [47] [48] [49] are implemented by hand. We generate a large random data sample that passes these constraints. We require that the heavy CP-even Higgs boson is SM-like and satisfies the following properties H 0 in the mass range of 124 GeV − 128 GeV,
We note that the recent search for MSSM neutral Higgs in the τ τ mode by CMS apparently excludes tan β > 5 for M A < 250 GeV [49] . scenario. Similar SUSY scenarios were studied in Ref. [51] . However, in our scenario, there are additional light squarks and gauginos, which can induce a significant shift of Higgs couplings to the SM quarks. For example, studies in Refs. [14, 17] showed that tan β as large as 8 − 9 are still allowed. Given these unsettled arguments, we set out a scanning procedure over a broad range in the SUSY parameter space, with results for imposing the CMS τ τ exclusion limits presented in
Sec. III C.
The latest results from ATLAS charged Higgs searches in the τ + jets channel [9] impose strong constraints on the branching fraction of t → bH ± for m H ± < m t , with the 95% C.L. upper limits in the range of 2.1% to 0.24% for m H ± between 90 GeV to 160 GeV. We imposed this charged
Higgs search limit in our parameter scan at 3σ level of their errors.
B. Constraints from b Rare Decays
The experimental measurements considered in this study include b → sγ [52] and the LHCb report on B s → µ + µ − [53] . In our study, we use the following SM predictions [10, 11, 54] , and experimental limits,
BABAR also reported improved measurements of B → Dτ ν τ which indicates a deviation from the SM expectation and is sensitive to new physics contributions in the form of a light charged Higgs boson at tree level. We take the observed excess as an upper limit [55] 
In our numerical study, we use SuperIso 3.3 [56] 9 < tan β < 11, 97 GeV < m A < 113 GeV, 700 GeV < µ < 1000 GeV,
and nearly maximal stop mixing:
The mass parameter fort L , MQ
3
, however, is constrained to be small to maximize the negative Fig. 1(a) ] in order to cancel the positive contribution from a light charged Higgs. Consequently, large Mt R and A t are needed to raise the Higgs mass value to 124 − 128 GeV and we find:
150 GeV < MQ 3 < 240 GeV, 1500 GeV < Mt R < 2000 GeV, 1800 GeV < A t < 2600 GeV.
The above results indicate the presence of a light stop which is mostlyt L , as well as a light sbottomb L , both of which are controlled by the same mass parameter MQ In Figure 3 , we show the allowed regions for SUSY mass parameters subject to various constraints under consideration. The three color codes indicate the relative value of M 2 with respect tot he squark masses, as specified in the figure caption. Figure 3 
, the light stop mass is approximately
From Fig. 2(c) , we see that X t is constrained in our scenario to be 3.5 < X t < 4.5. At the same time, Mt R lies between 1.5 − 2 TeV. Given that MQ 3 is not very different from m t in our scenario, we see that the light stop mass is at most shifted by a fraction (about 30%) of the top mass. We have also effectively decoupledb R by taking Mb R to be very heavy. Therefore, mb
The lightest sbottom would not be too much heavier than the lightest stop, as seen in Fig. 3(a) .
A smaller Mb R could change the lower-lying spectrum of the sbottom sector, which will not be discussed in the current study.
Shown in Fig. 3(b) is the allowed region for M 2 versus MQ Given the stringent bound from the direct searches for gg → h 0 /A 0 → τ + τ − at the LHC [49] and in anticipation of the improvement in the near future, we check our solutions further against the CMS search limit as shown in Fig. 4 . We adopted the reverse-engineered limit based on the LHC direct search [49] shown by the solid line in (a). The package HiggsBounds-4.0.0 [27] was used for the evaluation. The predicted cross section at the 14 TeV LHC is presented in (b).
Imposing the latest ATLAS charged Higgs search results [9] at 3σ level, on the other hand, did not further reduce the parameter space.
As a final remark, we consider the lightest supersymmetric particle (LSP) with R-parity to be a 
IV. LIGHT SUSY SPECTRUM AT COLLIDERS
As we have shown in the previous sections, flavor constraints not only requires the presence of rather light third generation of squarks and Winos, but also restrict them to a narrow region of parameter space. Therefore, our scenario predicts the distinct feature of collider signals from such a light SUSY spectrum. In fact, current searches already put additional strong limits on our scenario. In this section, we describe the parameter space which is still allowed taken into account current stop and sbottom search limits and argue that further dedicated searches should be carried out at the LHC.
The relevant parameters under our consideration are M 2 , mt 1 , mb
1
, and M 1 . The ordering of the Wino mass with respect to the stop mass can be crucial in determining the pattern of stop decay, which in turn dictates the searching strategy. We thus categorize the allowed region into the following two cases: 3 The values of M 1 and M 2 are approximately the same as the physical masses ofχ
for relatively large value of |µ|. We thus use them as symbols for the corresponding physical masses over the whole context, for simplicity. • Case A: 
If the Winos are lighter than the stop as in Case A, the dominant decay mode is as in Eq. (26) .
There are dedicated LHC searches for this channel [59, 60] . However, the reaches of such searches are limited by the lepton and/or b-jet thresholds, governed by the SUSY particle mass differences.
For example, for mt 1 ∼ 160 GeV, a limit only exists for mχ0 [62, 63] have claimed that additional LHC analysis can be re-casted to set stronger limits on this and on the competing 4-body stop decay modes. These results, if validated by the experimental collaborations, will further reduce the viable parameter region of our scenario. On the other hand, if a stop signal is established at the LHC, the decay patterns as in Eqs. (26) and (27) would help to determine the mass relation for the SUSY particles as Case A or B.
In parallel to the above discussion, the sbottom dominantly decays to one possible modẽ
1 , for Cases A and B.
The other possibility thatb 1 → bχ 1 , these longer decay chains tend to give softer decay products and smaller missing energy as well. There are SUSY searches focusing on final states with higher multiplicity of jets [64] . However, such searches typically require more energetic final states, for example the scalar sum of the transverse energy of jets H T > 600 GeV. Therefore, they will not cover the low mass scenario we are considering.
Sbottom decay also gives rise to multi-lepton signals, although they are suppressed by Z leptonic branching ratio. A detailed recast of such limits on our scenario is beyond the scope of this paper.
Recently CMS has put the lower limit on the mχ± There are also strong limits from sbottom searches using the standard decay channelb 1 → bχ 0 1 , even if the spectrum is somewhat squeezed [66] . ATLAS searches of bb+ E T final states with sbottom pair production excludes sbottom mass up to 650 GeV for mb Fig. 3(d) . It is thus important to observe the gaugino mass limit as 100 GeV < M 2 < 160 GeV for Case A, and 100 GeV < M 2 < 200 GeV for Case B. (29) Viable points corresponding to Case (A) and (B) are indicated in Fig. 3 in red and green, respec- tively.
The conclusion of this section can be summarized with Fig. 5 , in which we show the mass hierarchies and dominant decay modes in the two benchmark cases. We emphasize that the mass scales (as indicated by the horizontal bars) are only indicative of the size of viable values, and the bino mass can be raised or lowered without significantly changing the flavor constraints. A general lesson from the LHC bounds is that dedicated searches with rather soft decay products should be devised when considering the light SUSY spectrum.
B. Light SUSY spectrum and the ILC
Although the super-partners in a light spectrum could be copiously produced at the LHC, identification of the signals can be very challenging in certain parameter region because of the hostile background environment. As discussed in the previous session, for the same reason that light SUSY partners may have not been seen because of the soft products in the mass degenerate situation, this scenario may persist to prevent us from observing the SUSY signals. On the other hand, once crossing the mass threshold, the super-partners can be produced via the SU(2) L gauge interaction in e + e − collisions
As long as the mass difference between the produced particle and the LSPχ 0 1 is higher than the detection threshold for leptons and jets, typically about a few GeV, the signal identification should be straight forward, without suffering from much background. For instance, at the ILC, even with the early phase with a C.M. energy √ s = 250 − 500 GeV and integrated luminosity 250 − 500 fb −1 [68] , it would be essentially adequate to fully cover the low mass SUSY searches in the non-decoupling Higgs scenario.
V. CONCLUSIONS
The non-decoupling scenario of the MSSM Higgs sector presents an interesting extension beyond the SM and could be of immediate relevance for the LHC phenomenology after the discovery of the SM-like Higgs boson.
By scanning the SUSY parameter space and zooming in certain narrowly defined region, we demonstrated that this scenario is consistent with the current SUSY search limits. Moreover it can pass stringent flavor constraints from rare B decay measurements, provided there are other light SUSY particles to contribute in the loop induced processes. The regions of the parameter space which can realize such cancellations are often missed by generic multiple parameter scans.
Therefore, special caution is called for when scrutinizing the SUSY parameter space.
To satisfy the flavor constraints in the non-decoupling scenario, in particular from b → sγ, it is necessary to have light super-partners with quite specific properties, as summarized in Section III, Figs. 2 and 3. In particular, a (left-handed) stop, a (left-handed) sbottom, and Wino-like gauginos are required to be lighter than about 250 GeV. We also checked our solutions against the LHC Higgs searches [49] gg → h 0 /A 0 → τ + τ − , and the results were plotted in Fig. 4 (a).
Our prediction for the light non-SM Higgs boson τ τ signal at the 14 TeV LHC was shown in Fig. 4(b) . With respect to the latest results from ATLAS charged Higgs searches in the τ + jets channel [9] , we implemented their constraints on the branching fraction of t → bH ± at 3σ level of their errors. Should this constraint be further significantly tightened, say by a factor of few, then our scenario would not be adequate any longer. However, that might in turn indicate the existence of more sophisticated underlying physics structure, such as modified tbH ± coupling or reduced BR(H − → τ ν).
In Sec. IV, we discussed the current limits from the relevant direct SUSY searches at the LHC and Tevatron, and identified two scenarios which are still allowed, as illustrated in Fig. 5 . The viable mass ranges of the light SUSY particles, their corresponding branching fractions and the typical signal rates at the LHC are summarized in Tables I. Although these light SUSY states may be copiously produced at the LHC as seen in the Table, the signal identification could still be challenging at the LHC due to the large SM backgrounds and disfavored kinematics. An ILC with several hundred GeV center of mass energy could be more beneficial to discover and study those low mass states once crossing their mass threshold in a definitive way.
We also emphasize that these cases discussed here represent complementary opportunities to explore the non-decoupling scenario in addition to the direct searches for the Higgs bosons in the MSSM. 7 (x, y) = y(3 − 2x) 3(y − x)(1 − x) 3 log x + y 2 (−3 + 2y) 3x(x − y)(1 − y) 3 log y + y(−7 + 5x + 5y − 3xy) 7 (x, y) = x(2x − 3) 6(x − y)(x − 1) 3 log x + y(2y − 3) 6(x − y)(1 − y) 3 log y + −5x − 5y + 3xy + 7 12(x − 1) 2 (y − 1) 2 ,(A7) g
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